Rotating vortices are easily pinned to any defects in excitable media. Moderate advective fields cannot remove the pinned vortices. We have found and tested experimentally a mechanism for unpinning a vortex. To unpin a vortex, we created additional waves close to its core. A vortex can be unpinned when a new created wave is pinned to the same obstacle and has a topological defect. This mechanism works perfectly both in experiment and in numerical simulations. A hypothesis is put forward that similar mechanisms may underlay pacing for tachycardia control used in cardiac clinics.
Introduction
It is well established that rotating vortices underlay dangerous cardiac arrhythmias [Davidenko et al., 1992; Pertsov et al., 1993] . Tachyarrhythmias often can be terminated by a weak (several volts) electrical stimulation -anti tachycardia pacing (ATP). The mechanism of ATP is explained (apparently clear) in the medical textbooks [Camm & Ward, 1983; Zipes & Jalife, 1995] . An arrhythmia is supposed to be induced by a pulse circulating along a closed one-dimensional (1D) path. Then the aim of ATP is then to extinguish this pulse.
ATP is effective in ∼ 90% of the cases [Zipes & Jalife, 1995] . Understanding of the mechanisms of its inefficiency in the other ∼ 10% of cases is still lacking. It is evident that the standard explanation of ATP mechanisms is oversimplified: cardiac tissue is not a 1D but 3D excitable medium (ventricles) or at least 2D medium (auricles). So, ATP deals not with 1D rotation of a pulse but with rotating vortices. In experiments with voltage sensitive dyes [Davidenko et al., 1992; Pertsov et al., 1993] it was found that a free rotating vortex in cardiac muscle drifts fast, and disappears when reaching the tissue borders (the thickness of ventricles is 1-2 cm, that of auricles, several mm). Only the vortices which are pinned to a defect (e.g. to a blood vessel) can persist for a long time [Vinson et al., 1994] . In this paper we investigate how a vortex can be unpinned.
Experiment

Experimental procedure
Pinned vortices were created in a polysulfone membrane with immobilized catalyst of the BZ reaction. A 3 mm hole was cut in the membrane to obtain an obstacle. A chemical wave rotating around this obstacle (a pinned vortex) was initiated by proper stimulation of the membrane with a silver wire.
The membranes loaded with bathoferroin were prepared as described in [Lazar et al., 1996] : a dry polysulfone membrane (Gelman Sciences, Tyffrin Membrane Filter HT-450, 47 mm, pores 0.45 µm) was dipped for 3 min into solution A : 50 mg bathophenantroline (4.7 diphenyl- 1,10 phenantroline, Alfa) dissolved in 5 cm 3 of glacial acetic acid. Then, to create bathoferroin, it was placed for 3 min into solution B : 0.01 M Fe(11) ammonium sulfate in 0.1 M H 2 SO 4 . Then, to wash out acetic acid and immobilize bathoferroin, the membrane was put into the solution C : 0.2 M ammonium hydrosulfate. The membranes were kept in the same solution. Polyacrylamide gel was used as a feeding support, as in [Lazar et al., 1996] . The gel was soaked in 20 ml of BZ solution composed of NaBrO 3 (0.26 M); CH 2 (COOH) 2 (0.17 M); NaBr (0.1 M); H 2 SO 4 (0.31 M). Then the water solution was removed from above the gel, and the membrane was arranged on the surface of the gel. Illumination and observation of the wave pattern were made from the top of the membrane (in reflected light). CCD-camera XC-77RR and VCR "Sony" EV-C2000E were used.
Results
In Fig. 1(a) , a spiral wave (2) steadily rotating around the obstacle (1) is shown. To unpin it, we created additional waves in the medium by touching the membrane with a silver wire [see Figs. 3(a) and 4(a)]. In Fig. 1(a) , a circular wave (3) was created.
Figures 1(a)-1(f) show the wave pattern evolution. In Fig. 1(b) , the circular wave reached the obstacle, and two wave ends (4) and (5) . Their period is also three times shorter. The period here is proportional to the wavelength since the velocity is almost constant (in BZ, the velocity dependence on curvature can be neglected for radii r > 1 mm). In Fig. 2(c) , almost the whole medium is occupied by the high frequency waves (8) but the spiral wave (2) is not unpinned. It is not easy to see the wave (2) on the background of high frequency waves (8). It can be detected by the odd number of waves contacting the obstacle.
It is indirect evidence. To demonstrate that the spiral wave (2) is not unpinned (and therefore cannot drift in an advective field and be removed by it), we destroyed the pair of free spiral waves (6) and (7). To do so, we applied an inhibitor to the region occupied by the cores of waves (6) and (7). This was achieved by touching the membrane with an iron wire, Fig (2) is clearly seen again. Note that the waves (8) disappeared only because the total topological charge of the waves in the inhibited region is zero. If it was not zero, pinned wave(s) would be created instead. Figures 3(a), 3(b) show waves created in the vicinity of the obstacle. The wave pattern is similar to that one in Fig. 2 , with the only difference that the two topological defects created [9 and 10 in Fig. 3(c) ] appeared disconnected, and each one of them is pinned to the obstacle. It is quite natural to expect that the pinned wave will not be unpinned since the total number of waves pinned to the obstacle is odd. This has also been confirmed experimentally. After propagating around the obstacle, wave (9) reconnected with the spiral (2) and unpin it [ Fig. 3(c) ]. But this is not the result we are interested in, since the other defect (10) remained pinned. The wave pattern in Fig. 3(d) is similar (although not topologically identical) to Fig. 2(a) -there are one pinned wave and two free defects. The result of the wave evolution was the same as in Fig. 2(c) , and the analysis of Figs. 2(d)-2(f) can be applied.
Successful unpinning is shown in Fig. 4 . Again a region near the obstacle was stimulated (a big black spot in the upper left corner of Fig. 4(a) is an experimentalist's finger handling the silver wire). Only one wave [(11) in Fig. 4(b) ] was created. It was pinned to the obstacle and contained one topological defect. It propagated in the opposite direction to the original pinned wave (2). After propagation around the obstacle, it connected with spiral (2) and unpinned it [ Fig. 4(c) ]. The wavelength was immediately diminished, and the frequency increased [ Fig. 4(d) ].
An explanation of the different results of seemingly the same stimulation in Figs. 3 and 4 is based on Maxwell-type arguments, see Sec. 4. But the explanation alone is not enough to achieve unpinning, some experimental skills are necessary here.
Numerical Simulation
Vortex unpinning was also obtained in numerical simulations. Since we were interested in generic results, disregarding specifics of the chemical Note that Figs. (a, b, c) are same as Fig. 1(a, b, e) , (d, e, f) are similar to Fig. 2(a, c, f) , and (g, h, i) corresponds to Fig. 4(b, c, d ).
excitable medium, we used a generic model for excitable medium with two variables only. Barkley's model [Barkley, 1991] was simulated.
Here, U is the activator and V the inhibitor, ε 1 and U th = (V + b)/a. Simulations were performed using the Euler scheme with Neumann boundary conditions, parameters: a = 0.53, b = 0.05 and ε = 0.02. Figure 5 shows the results with a square obstacle (1). Initial conditions: a spiral wave (2) steadily rotated around the obstacle (1). We proceeded in the same way as in the experiment. After creating a new wave (by setting U = 1 in the stimulated domain), we followed the evolution of the wave pattern. The state of the medium (quiescent, refractory) in computer simulation is easily characterized by the value of slow variable V . When a domain was excited where V = 0, a circular wave was created, as in Fig. 5(a) . When a domain with V = 0.028 or V = 0.053 was excited, a semicircular wave, like in Figs. 5(d) and 5(g) was created. Three different scenarios of wave evolution are shown in Figs. 5(a, b, c), 5(d, e, f), and 5(g, h, i). They are similar to that found in the experiment. If the unpinned spiral is situated too close to the obstacle it may be repinned again as a result of meandering. The larger the distance of the unpinned spiral from the obstacle, the more reliable is the unpinning. The dependence of this displacement on the position of the stimulated domain is shown in Fig. 6 . It is seen that the angle of the displacement [ Fig. 6(b) ] depends strongly on how close to the previous wave the stimulated domain was situated (value of the slow variable V ). This result is easily understandable from simple geometrical arguments. The absolute value of the displacement [ Fig. 6(a) ] is almost independent on the distance of the stimulated domain from the obstacle, and when measured from the border of the obstacle is ∼ λ/4, where λ is the wavelength. It is comparable to the displacement of a free vortex [Krinsky et al., 1995] .
Analysis
ATP in 1D
It is quite clear in principle how to extinguish a rotating pulse: by using the basic property of excitable media that two colliding waves annihilate each other. Then, it is enough to create a pulse rotating in the opposite direction.
But the creation of such a pulse is not a trivial task. Any stimulation of a quiescent medium creates not one pulse but two pulses propagating in opposite directions, and they evidently do not solve the problem. Stimulation of a medium not recovered after the previous excitation (the absolute refractory state) creates no propagating pulses at all. The solution can be achieved by delivering a stimulus inside a very narrow time interval (called "vulnerable window", VW) after the previous excitation. It results in only one pulse [Mines, 1914] which propagates in the direction opposite to the previous (conditioning) pulse. For cardiac muscle, VW ∼ 3 ms (but it may be increased under some drugs), and is situated at the very end of the action potential, say between 200 and 203 ms.
The physics of VW is related to the Maxwell point in phase transitions [Starmer et al., 1993] . If only one point of a medium is excited, nothing can be done. If the recovery variable V [see Eq. (1)] in this point V > M (where M is the Maxwell level), the created excited region shrinks, and a propagating pulse is not created. If V < M, then the created excited region expands, and two pulses propagating in the opposite directions are observed.
But if an interval, say [a, b] , is stimulated then it is possible to create only one propagating pulse. Let us put the stimulating electrode so that V (a) < M , and V (b) > M. Then the created excited region expands in a vicinity of point a, and shrinks in a vicinity of point b. This corresponds to only one pulse (propagating in our example in the negative direction).
This concept is well understood, and the 1D mechanism of ATP is really well explained in the medical textbooks. To summarize, the classical (1D) interpretation of ATP mechanisms gives the following results:
-success, i.e. the circulating pulse is extinguished (when the stimulus is delivered inside the vulnerable window, VW); -no effect (when the stimulus is delivered within the refractory phase); -resetting the phase of arrhythmia (when the stimulus is delivered at quiescent phase, in an excitable gap between the tail and the front of the circulating pulse). This stimulation leads to the creation of two counter-propagating pulses. One of them annihilates the initially propagating pulse but the other continues circulating, resulting only in a change of the phase of arrhythmia.
Defects and topological charge
In a 2D system, the topological arguments are helpful. A rotating vortex has a nonzero topological charge. A free rotating vortex is associated with a topological defect. In an excitable medium, a wave break [a free end of a wave, e.g. 6 in Fig. 5(d) ] is an example of topological defects. A wave end which is connected to the border of the medium is not called a defect.
In a simply connected medium, a nonzero topological charge is always associated with a defect. In a not simply connected medium, it is not the case, and waves without defects are possible that nevertheless have a nonzero topological charge. A wave rotating around an orifice [see wave (2) in Fig. 1(a) ] is an example. Here, there are no free wave ends, and every wave end is connected to the border of the medium. But the topological charge of this vortex is not zero.
For the problem of unpinning, it is useful to consider the number of defects (d) and the topological charge (c) as two independent characteristics, and describe a vortex by a pair of integer numbers (d, c). A pinned vortex is then described by (0, 1), and a free vortex is described by (1, 1). Our problem was to find a way to transform a (0, 1) vortex into a (1, 1) Fig. 1(a) ]. The topological charge of this wave is zero. In 1D medium, the same stimulation creates two counter-propagating pulses in 1D. The analogy is clear: since there are no limitations, the waves propagate in all possible directions, resulting in two counter-propagating pulses in 1D, and in a circular wave in 2D. When a region of the medium which has not fully recovered after the passage of the previous wave is stimulated [for example, with an electrode in cardiac muscle, or with a silver wire, as in Fig. 3(a) ], a wave with two free ends can be created [Starmer et al., 1992; Gómez-Gesteira et al., 1994] [see free ends (6) and (7) in Fig. 2(a) ]. This corresponds to the creation of only one pulse in 1D medium, see Sec. 4.1. The analogy is clear: Since there is a limitation for the wave propagation in a selected direction (in the propagation direction of the preceding wave) this results in only one pulse in 1D (the other one is blocked), and in a semi-circular wave in 2D (a part of the circular wave is blocked). The Maxwelltype arguments control whether a circular or a spiral wave is created [Starmer et al., 1993] , similar to the 1D case, see Sec. 4.1. The topological charge of the defect (7) in Fig. 2(a) is +1 (rotation in the same direction as the pinned vortex), and that of defect (6) is −1. The total topological charge of the wave is again zero, a fact that was used in the experiment to destroy the pair of oppositely charged defects [see Figs. 2(d)-2(f)].
When the medium is stimulated close to an orifice, a pinned wave can be created. In Fig. 3 , two pinned waves were created: wave (9) and wave (10), while in Fig. 4 only one pinned wave (11) was created. The difference between this two cases is again controlled by the value of slow variable V (degree of restoration of the medium).
Discussion
A short look at wave patterns of vortices (Figs. 1-5) shows a much richer scope of behaviors in 2D in addition to 1D classical scenarios of ATP (they are valid, of course!). New scenarios of ATP in 2D are:
(1) unpinning of a pinned vortex and formation of a free vortex; (2) the unpinned vortex is destroyed when reaching the tissue border; (3) the unpinned vortex can be repinned again to another obstacle.
These wave patterns correspond to the following ECG recordings: (1) increase of tachycardia frequency as a result of ATP; (2) transient increase of tachycardia frequency followed by termination of tachycardia; (3) steady decreasing of the tachycardia frequency (when the vortex is repinned to a larger defect), (4) steady increasing of the tachycardia frequency (when the vortex is repinned to a smaller defect). This work indicates a new dimension in the understanding of the mechanisms of ATP in cardiac clinics.
